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Abstract
To study the translocation of phosphatidylserine (PS) from plasma membrane to mitochondria, dipyrene PS molecules (diPyrnPS; n = acyl
chain length) were introduced to the plasma membrane of baby hamster kidney cells (BHK cells) using either cyclodextrin-mediated
monomer transfer or fusion of cationic vesicles. Translocation of diPyrnPS to mitochondria was assessed based on decarboxylation by
mitochondrial PS decarboxylase (PSD). It was found that the rate of translocation diminishes systematically with acyl chain length
(molecular hydrophobicity) of diPyrnPS. Using an in vitro assay, it was shown that the spontaneous translocation rates of long-chain
diPyrnPS species are similar to those of common natural PS species, thus supporting the biological relevance of the data. These results, and
other data arguing against the involvement of vesicular traffic and lipid transfer proteins, imply that spontaneous monomeric diffusion via the
cytoplasm is the main mechanism of PS movement from the plasma membrane to mitochondria. This finding could explain why a major
fraction of PS synthesized by BHK cells consists of hydrophobic species: such species have little tendency to efflux from the plasma
membrane to mitochondria where they would be decarboxylated. Thus, adequate molecular hydrophobicity seems to be crucial for the
maintenance of high PS content in the inner leaflet of the plasma membrane.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Phosphatidylserine (PS) is a relatively minor phospholi-
pid in mammalian cells. For instance, in baby hamster
kidney cells (BHK cells) this lipid comprises 4–6% of the
total phospholipids [1,2]. However, PS is highly enriched in
the plasma membrane and thus a major component of this
membrane. It has been calculated that about 67% of total
cellular PS is located in the plasma membrane of BHK cells
and that PS comprises 18% of the phospholipids in this
membrane [2]. Since virtually all of the plasma membrane
PS should be in the inner leaflet [3], even every third
phospholipid molecule in this membrane compartment
could be PS. It is not clear how the cells establish and
maintain such a high content of PS in the inner leaflet of
their plasma membrane.
Several studies have indicated that exogenous PS is taken
up by cultured cells and then transported to mitochondria
with significant efficiency [4–6]. Although not addressed in
those studies, it seems likely that the exogenous PS was
initially incorporated to the plasma membrane. Based
mainly on the lack of effect by various transport inhibitors,
Kobayashi and Arakawa [7] have suggested that a transfer
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protein is responsible for the transport of an exogenous
fluorescent PS derivative (1-palmitoyl-2-(N-[12(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)amino]dodecanoyl)-phosphati-
dylserine (NBD12PS)) from the plasma membrane to
mitochondria and the Golgi apparatus. Later, however,
evidence was provided that NBD12PS is much less hydro-
phobic than the typical natural PS species and can thus
diffuse quite rapidly between membranes without the assis-
tance of transfer proteins [8]. Therefore, further studies are
required to establish the mechanism of PS transport from
plasma membrane to mitochondria.
Previous fluorescence imaging studies have shown that
when fluorescent dipyrene PS (diPyrnPS) species having
relatively short acyl chains were introduced to the plasma
membrane, they, like NBD12PS, rapidly distributed to intra-
cellular membranes including mitochondria [8,9]. In con-
trast, a long-chain diPyrnPS species seemed to stay in the
plasma membrane as well as in endosomes. These qualita-
tive data suggested that the hydrophobicity of the acyl
chains could play an important role in intracellular traffick-
ing of plasma membrane PS. This would parallel the
previously observed hydrophobicity-dependent transport of
newly synthesized PS from ER to mitochondria [10].
To obtain more quantitative and systematic data on
translocation of plasma membrane PS to mitochondria, we
have studied the translocation of a set of diPyrnPS (n is the
acyl chain length which varied from 4 to 14 carbon units) in
BHK cells using biochemical methods. As will be discussed
below, establishing a correlation between acyl-chain length
(i.e., molecular hydrophobicity) and transport rate can
provide important information on the transport mechanism.
Dipyrene lipids were chosen because (i) they are metabo-
lized similarly to natural lipids [9], (ii) their eventual
degradation can be conveniently monitored on-line based
on the loss of intramolecular excimer fluorescence, (iii)
these lipids can be introduced to the plasma membrane of
cultured cells by using g-cyclodextrin (g-CD) as a carrier
[8] and (iv) the results can be correlated with previous
microscopic data obtained with these lipids [8].
The dipyrene PS molecules were introduced to the
plasma membrane of BHK or Chinese hamster ovary cells
(CHO cells) using either cyclodextrin-mediated monomer
transfer or fusion of cationic lipid vesicles [11,12]. The latter
method was required for the introduction of the most
hydrophobic diPyrnPS species. Translocation to mitochon-
dria was monitored based on the decarboxylation of
diPyrnPS by the mitochondrial PS decarboxylase (PSD)
[13,14]. It was found that the rate of transport diminishes
systematically (c logarithmically) with increasing
diPyrnPS chain length (hydrophobicity). This result,
together with other data, suggests that spontaneous diffusion
via the cytoplasm, rather than vesicle or protein-mediated
transfer is the main mechanism of PS transport from plasma
membrane to mitochondria. This finding may explain, at
least in part, as how the cell can maintain a high PS
concentration in the inner leaflet of its plasma membrane.
2. Materials and methods
2.1. Reagents
Unlabeled phospholipids were supplied by Avanti Polar
Lipids (Birmingham, AL). DiPyrnPS species (n = 4, 6, 8, 10,
12 or 14) were synthesized from the corresponding
diPyrnPC species as described previously [15], except that
a two-phase reaction mixture consisting of chloroform and
buffer (2:1, v/v) was used instead of a detergent. Carbox-
yethyl-g-cyclodextrin (g-CD) was obtained from Cyclolab
(Budapest, Hungary) and [3H]-cholesteryl oleoyl ether and
ester from Amersham Pharmacia (Amersham, UK). [3H]-
18:0/18:1-PS was prepared by labeling BHK cells with
[3H]-serine (Amersham, UK) and purified on diol [16] and
reverse phase [17] HPLC columns. The other chemicals
were from Sigma, except Brefeldin A which was from
Epicentre Technologies (Madison, WI). The solvents were
of reagent or HPLC grade and were obtained from Merck
(Darmstadt, Germany).
2.2. Cell culture
BHK-21 cells (C-13, CCL-10, from the American Type
Culture Collection, Manassas, VA) were cultured in DMEM
(Gibco 41965) supplemented with 10% fetal bovine serum, 2
mM glutamine, penicillin (200 units/ml) and streptomycin
(200 Ag/ml) under 5% CO2 at 37 jC. All cell culture media
and supplements were from Gibco BRL (Life Technologies).
For labeling, cells were plated on 5-cm dishes (Nunc,
Roskilde, Denmark) 2–3 days prior to the experiment. To
deplete ATP, the cells were maintained in a glucose-free
medium (Gibco 11966) containing NaN3 and deoxyglucose
during the 30-min preincubation period, labeling period,
washes and the chase. Wild-type CHO-K1 cells and the
CHO-82 mutant lacking the nonspecific lipid transfer protein
(nsL-TP) [18] cells were provided by Dr. R.A. Zoeller
(Boston University School of Medicine, Boston, MA), and
were grown in Ham’s F-12 medium (Gibco 21765) with the
supplements listed above. A CO2-independent medium (I-
MEM, Gibco 18045) was used when the labeling and the
chase were performed outside the CO2-incubator. All label-
ing and chase media were serum-free.
2.3. Introduction of diPyrnPS molecules to the plasma
membrane of BHK or CHO cells
Two alternative methods were used to introduce diPyrnPS
to the plasma membrane of BHK cells. The first method is
based on the recent finding that g-cyclodextrin (g-CD) and its
carboxyethylated derivative greatly enhances interbilayer
transfer of pyrene-labeled (as well as other fluorescent)
phospholipids. The donor vesicles consisted of diPyrnPS
and 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) (1/9
molar ratio) plus a trace amount of [3H]-cholesteryl ether
(1,000,000 cpm) as a nonexchangeable vesicle marker. The
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solvents were evaporated under a nitrogen stream and further
in vacuum. PBS (1–1.5 ml) was added and the suspension
was sonicated with a probe sonicator for 6 min at room
temperature using a 2 min on/30 s off cycle. The vesicle
suspension was centrifuged at 20,800 g for 5min to remove
any undispersed lipid and probe particles. Prior to labeling,
cells were washed three times with PBS, three times with
serum-free DMEM and then 1.5-ml serum-free DMEM was
added. The donor vesicles were added and the labeling was
performed at + 37 jC. The labeling time and the concen-
trations of diPyrnPS and g-CD were adjusted depending on
the diPyrnPS used as given in Results. After labeling, the cells
were washed four times for 1min with DMEMcontaining 1%
BSA and once with PBS. Then 1.5-ml serum-free DMEM
was added and the cells were chased at 37 jC. After being
washed four times with PBS and once with 0.25 M sucrose,
the cells were scraped into ice-cold sucrose and aliquots were
taken for protein determination [19] and lipid extraction. The
excimer fluorescence intensity (344 nm excitation/480 nm
emission) of the lipid extract was used as the measure of
diPyrnPS associated with the cells. The [
3H]-cholesterol ether
radioactivity was measured by liquid scintillation counting to
assess the fraction of donor vesicles adhered to the cells. Cell
viability was not assayed here, but previous studies have
demonstrated that incubation of BHK cells with these con-
centrations of g-CD does not compromise cell viability or
plasma membrane integrity [8].
The second labeling method employed involved fusion of
cationic donor vesicles with cells [11,12]. The donor vesicles
consisted of diPyrnPS, dioleoylphosphatidylethanolamine
(DOPE) and N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethy-
lammonium chloride (DOTMA) (5/15/20 nmol) and [3H]-
cholesterol ester (200,000 cpm). The dried lipids were
suspended in 2 ml of I-MEM and the suspension was
sonicated for 8 min on ice with a probe sonicator using a
15 s on/5 s off cycle. Prior to labeling, the cells were washed
three times with cold PBS, then 1.5-ml of cold I-MEM was
added and the cells were incubated at + 8 jC for 5min prior to
the addition of donor vesicles. The labeling was performed at
+ 8 jC for 1 h. The cells were then washed five times with
PBS, 1.5 ml DMEM was added and the cells were chased at
37 jC.After being washed five times with PBS, the cells were
detached with trypsin-EDTA and aliquots were taken for
protein determination and lipid extraction. The excimer
fluorescence intensity and the [3H]-radioactivity of the lipid
extract were measured as above. The fraction of cell-asso-
ciated vesicles that had actually fused with cells was deter-
mined from the degree of [3H]-cholesterol ester hydrolysis
[20] as outlined below. Cell viability was not directly tested,
but it is unlikely that significant cell damage had occurred
since (i) the concentration of the cationic vesicles was well
under toxic levels [12], (ii) no detachment of cells was
observed and (iii) the results obtained with the two labeling
methods were closely similar (see Results). It is also notable
that the time of incubation required to obtain the translocation
rate was quite short, i.e., typically 1–2 h.
2.4. Determination of substrate specificity of PSD
To test if PSD is sensitive to the chain length of diPyrnPS,
the species (0.5 nmol) were pipetted either separately or
together into a silylated glass tube containing bovine brain
PS carrier (30 nmol). The solvents were evaporated as above,
100 Al of 0.1 M phosphate–1 mM EDTA–1.5 mM Triton X-
100-buffer, pH 7.4, was added and the suspension was bath-
sonicated for 4 min at 50 jC. Then 80 Ag of PSD partially
purified from rat liver mitochondria [21] was added and the
reaction mixture was incubated at 37 jC. After various
incubation times, aliquots were taken to silylated glass tubes
containing 1 ml of methanol and the lipids were extracted and
analyzed by HPLC as detailed below. PSD from rat liver was
used here because it was impractical to obtain adequate
amounts of enzyme from BHK cells. It is very unlikely that
the specificities of the rat and hamster enzymes would differ
significantly since mammalian PSD is highly conserved; for
instance there is 93%, 90% and 86% identity between the
human and Chinese hamster, human and rat, Chinese hamster
and rat enzymes, respectively (Genbank NP_055153, Swis-
sprot DPSD_CRIGR, EMBLAA875400). The BHK enzyme
has not been sequenced yet.
2.5. Measurement of spontaneous intervesicle translocation
rates in vitro
The spontaneous intervesicle translocation rates of
diPyr12PS and 18:0/18:1-PS were determined by using a
previously described assay [22]. Briefly, negatively charged
donor vesicles consisting of POPC, POPG, diPyr12PS and
[3H]-18:0/18:1-PS (850/150/1/10 nmol) and 50,000 cpm
[14C]-cholesterol oleate and uncharged acceptor vesicles
consisting of POPC only were prepared in 10 mM
Hepes–25 mM KCl–0.5 mM EDTA, pH 7.0 buffer by
probe sonication. Donor and acceptor vesicles (1 and 10
Amol total lipid, respectively) were coincubated at 37 jC in
the dark, an aliquot was withdrawn at various time points
and applied to DEAE-Sephacel (Amersham Pharmacia
Biotech, Uppsala, Sweden) minicolumn to trap the nega-
tively charged donors. The eluent was the analyzed for
diPyr12PS and [
3H]-18:0/18:1-PS content by measuring the
pyrene excimer fluorescence intensity or radioactivity,
respectively. The leakage of donor vesicles from the col-
umn, estimated based on the amount of [14C]-radioactivity
in the eluent, was minor (1.8F 1.4%).
2.6. Lipid extraction and analysis
Lipids were extracted according to Folch et al. [23]. All
extractions were performed in silylated glass tubes using
0.58% NaCl/0.1 M HCl instead of water. This protocol was
found necessary to obtain a good recovery of PS. The [3H]-
cholesterol ester hydrolysis was determined by TLC with
hexane/diethylether/acetic acid (80:20:1, v/v) as the solvent,
followed by liquid scintillation counting of the [3H]-choles-
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terol ester and free [3H]-cholesterol bands. Decarboxylation
of diPyrnPS to diPyrnPE was determined by HPLC using a
diol-modified silica column [16] and on-line fluorescence
detection.
3. Results
3.1. Introduction of diPyrnPS molecules to the plasma
membrane of BHK cells
The diPyrnPS species were incorporated to cell plasma
membrane of BHK cells either by fusion of cationic vesicles
[11,12] or by g-cyclodextrin (g-CD)-mediated monomer
transfer [8]. The fusion method allows introduction of all
diPyrnPS species irrespective of their acyl chain length,
while the g-CD method allows adequate transfer of
diPyrnPS only when n is equal to or less than 10. The latter
method, however, avoids the introduction on unnatural
cationic lipids to the plasma membrane and was therefore
considered as an important control. When the g-CD method
is used, the diPyrnPS molecules are initially incorporated to
the outer leaflet of the plasma membrane [8], whereas they
enter both leaflets when the fusion method is employed. In
either case, however, the diPyrnPS molecules introduced
into the outer leaflet should be rapidly transported to the
inner leaflet by the aminophospholipid translocase [3,8,9].
This transbilayer movement is, most probably, much faster
than the translocation of diPyrnPS to mitochondria, since
very similar decarboxylation rates were obtained with both
labeling methods (see below).
As expected, the fusion method allowed the introduction
of all diPyrnPS species with similar efficiency. Analysis of
the diPyrnPS and [
3H]-cholesterol ester content of the
labeled cells showed that 11.5F 5% of the donor vesicles
had become cell-associated. Of these, 55F 10% had
actually fused with the plasma membrane as deduced from
the degree of hydrolysis of the [3H]-cholesterol ester (see
Materials and methods). With the g-CD method, the transfer
efficiency decreased with diPyrnPS chain length as expected
from earlier data [8], despite that the donor vesicles con-
centration and the labeling time was increased with increas-
ing acyl chain length (Table 1).
3.2. Effect of diPyrnPS acyl chain length on its conversion to
diPyrnPE in BHK cells
The translocation of PS to mitochondria can be assessed
based on its decarboxylation to phosphatidylethanolamine
(PE) [13,14], since only this organelle contains the respec-
tive enzyme, i.e., PSD [24–26]. It is usually assumed that
the rate of PS decarboxylation can be equated with its rate of
translocation, i.e., that this process rather than decarboxy-
lation itself is rate-limiting ([27], but see below).
We thus introduced different diPyrnPS (n = 4–14) species
to BHK cells using one of the two methods described above
and then monitored their decarboxylation by using HPLC
with on-line fluorescence detection (Fig. 1a). The rate of
decarboxylation was typically linear as shown for diPyr6PS in
Fig. 1b, provided that the labeling time was properly adjusted
(see Table 1). The rate of diPyrnPS decarboxylation decreased
strongly with increasing acyl chain length, irrespective
whether vesicle fusion or g-CD-mediated transfer was used
to introduce the labeled lipids to cells (Fig. 2a,b). Assuming
that decarboxylation is not rate-limiting, these data indicate
that diPyrnPS translocation from the plasma membrane to
mitochondria diminishes in a nearly logarithmic manner with
increasing PS hydrophobicity. However, the rate for diPyr4PS
is lower than expected based on the assumed logarithmic
dependency. Since this lipid moves to mitochondria at a very
high rate ( > 5% decarboxylated already during the 1-min
labeling period), it seemed possible that with this lipid
decarboxylation would actually be rate-limiting. To study
this, we solubilized the diPyrnPS species in detergentmicelles
containing crude PSD from rat liver and determined the rate
of decarboxylation. As shown in Fig. 2c, the acyl chain length
of diPyrnPS has a marked effect on the rate of decarboxyla-
tion in this micellar system where no translocation step is
required. DiPyr14PS was decarboxylated about nine times
faster than diPyr4PS. These data strongly suggest that the
deviating behavior of diPyr4PS in cells (Fig. 2a,b) is due to
that its translocation to mitochondria is so fast that decarbox-
ylation becomes rate-limiting. In case of the other diPyrnPS
species (with the possible exception of diPyr6PS), it is
obvious that translocation, rather than decarboxylation
proper, must be the rate-limiting step. Would this not be the
case, the rate of diPyrnPS decarboxylation in cells would not
decrease with increasing chain length (since long-chain
Table 1
Labeling conditions and transfer efficiencies for cyclodextrin-mediated
transfer of diPyrnPS monomers to plasma membrane outer leaflet
g-CD
(mM)
diPyrnPS/dish
(nmol)
Labeling
time
(min)
Transfer
efficiency a
diPyr4PS 1 20
b 1 11.5F 2.80
diPyr6PS 5 2 5 4.07F 1.98
diPyr8PS 15 10 15 4.23F 0.44
diPyr10PS 30 20 30 1.25F 0.18
BHK cells were labeled with various diPyrnPS species at 37 jC. The
transfer efficiency is determined by comparing the desired diPyrnPS
monomer transfer to the undesired vesicle adhesion. As can be seen from
the values, this labeling method could not be used for diPyrnPS species
longer than diPyr10PS. The experiment was performed twice with each
diPyrnPS species.
a The transfer efficiency was obtained by dividing the fraction of
diPyrnPS associated with cells with that of donor vesicles. The former was
measured based on pyrene excimer fluorescence and the latter based on
[3H]-cholesterol ether radioactivity of the lipid extract. The percentage of
donor vesicles adhering to cells varied from 0.05 to 0.5%. The error is the
deviation from the mean of two parallel experiments.
b High concentration of diPyr4PS was used to allow the use of a very
short labeling time (1 min), necessary to obtain true initial rate of
decarboxylation with this rapidly translocating species (see Results).
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species are better substrates for the decarboxylase; Fig. 2c),
contrary to what was observed (Fig. 2a,b). Although it is not
possible to accurately correct the transport rate obtained for
diPyr4PS based on the data in Fig. 2c, it is likely that such a
correction would place the diPyr4PS data point on the dashed
line drawn in Fig. 2a,b. It seems justified to conclude that the
rate of diPyrnPS transport from the plasma membrane to
mitochondria decreases in a nearly logarithmic manner with
increasing acyl chain length.
It is important to point out that diPyrnPS and diPyrnPE
were the only dipyrene pyrene lipids detected and the sum of
their peak areas did not change significantly during the chase
(data not shown). Therefore, the diPyrnPE/(diPyrnPS + di-
PyrnPE) ratio, used as the measure of transport to mitochon-
dria, is not biased by degradation of either diPyrnPS or
diPyrnPE.
3.3. Comparison of the spontaneous translocation rates of
diPyr12PS and 18:0/18:1-PS
Previously, we have concluded, based on the retention
times on a reverse phase column, that the hydrophobicity of
diPyr12PS is very similar to that of 18:0/18:1-PS [8], the
most abundant PS species in BHK cells [10]. However,
since this conclusion is critical concerning the biological
relevance of our study, we decided to confirm it experi-
mentally using in vitro transfer assay [22]. Both PS species
were incorporated to the same donor vesicles to exclude
effects due to possible variation of the vesicle structure. As
shown in Fig. 3, the spontaneous translocation rate of
diPyr12PS is virtually identical to that of 18:0/18:1-PS
(half-times 349F 22 and 323F 8 h, respectively). These
data strongly suggest that the spontaneous translocation rate
of diPyr12PS is indeed very similar to that of 18:0/18:1-PS,
and thus the long-chain diPyrnPS species used in this study
should report correctly on trafficking properties the natural
hydrophobic PS species (see Discussion).
Fig. 2. Effect of diPyrnPS chain length on its rate of conversion to diPyrnPE
in BHK cells. Panel A: DiPyrnPS species (n= 4–14) were introduced to
BHK cells with the vesicle fusion method. Rate of PS decarboxylation was
determined as described in Fig. 1. Data points are means from two
independent experiments and the error bar is the deviation from the mean.
When not visible, the error bar is smaller than the symbol size. The dashed
line approximates logarithmic dependence obtained from n= 6–14. Panel
B: As in panel A but the g-CD method was used for labeling. n= 4–10.
Data points are means from two independent experiments and the error bar
is the deviation from the mean. The dashed line approximates logarithmic
dependence obtained from n= 6–10. Panel C: Decarboxylation of diPyrnPS
species solubilized individually in Triton X-100-micelles with PS
decarboxylase obtained from purified rat liver mitochondria. The
incubation was carried out at 37 jC for 30 min. A very similar chain
length dependence was observed when the different diPyrnPS species were
incubated all together (data not shown).
Fig. 1. Conversion of exogenous diPyr6PS to diPyr6PE in BHK cells. Panel
A: An HPLC-chromatogram of BHK cells labeled with diPyr6PS for 15 min
in the presence of 5 mM g-CD and then chased for 30 min. On-line
fluorescence detection at 480 nm was used (see Materials and methods for
details). Panel B: BHK cells were incubated with diPyr6PS-containing
vesicles and 5 mM g-CD for 5 min and chased for the indicated time
periods. diPyr6PS and -PE were determined from chromatograms (cf. Panel
A) and a linear equation was fitted to the data points to determine the rate of
decarboxylation. Some diPyr6PE is present at zero chase time and is
produced during the labeling and washings steps. Similar linear depend-
encies, but with different slopes, were observed for the other diPyrnPS
species (not shown). The experiment was performed twice for each
diPyrnPS species.
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3.4. Role of nsL-TP in transport of diPyrnPS from the
plasma membrane to mitochondria
The observed systematic decrease of diPyrnPS trans-
location with increasing n strongly suggests that the efflux
of diPyrnPS monomers from the plasma membrane is the
rate-limiting step in translocation to mitochondria. This, in
turn, indicates that this translocation occurs by spontaneous
diffusion via the cytoplasm (see Discussion). However, it
has been shown that the mammalian nsL-TP responds
similarly to the variation of lipid acyl chain length (hydro-
phobicity) as seen in Fig. 2a,b [28,29]. Furthermore, since
nsL-TP (i) can transport also pyrene phospholipids [29,30],
(ii) has a high affinity for negatively charged membranes
[31] and could thus associate specifically with the plasma
membrane inner leaflet and (iii) has been repeatedly impli-
cated to play a role of cholesterol trafficking to and from the
plasma membrane [32–34], it was considered relevant to
study the possible role of this protein in PS transport from
the plasma membrane to mitochondria. Accordingly, differ-
ent diPyrnPS species were introduced to CHO cells lacking
nsL-TP [CHO-82 cells, 18] as well as to normal cells and
the rate of decarboxylation was assayed as above. Practi-
cally identical rates were obtained for both CHO cells lines
with all the diPyrnPS species studied, i.e., diPyr4PS,
diPyr8PS and diPyr10PS (Fig. 4a,b). These data indicate
that nsL-TP does not play any significant role in PS trans-
port from plasma membrane to mitochondria. Notably, the
chain length dependencies of translocation rates observed
for the two CHO lines were similar to those obtained for the
BHK cells (compare Fig. 2a,b with Fig. 4b).
3.5. Effect of inhibitors on the transport of diPyr10PS from
the plasma membrane to mitochondria
To study the possible involvement of vesicular transport
in PS translocation from the plasma membrane to mitochon-
dria, we tested the effect of several inhibitors that are know
to interfere with vesicular traffic. We used diPyr10PS for this
experiment because its rate of decarboxylation can be
measured with much higher accuracy than that of the more
hydrophobic derivatives. As was shown above, the hydro-
phobicity diPyr12PS is comparable to that of the most
abundant natural PS species in BHK cells, i.e. 18:0/18:1-
PS [10]. However, the hydrophobicity of diPyr10PS is
actually closer to the average hydrophobicity of all natural
PS species [8].
DiPyr10PS was introduced to the outer leaflet of the
plasma membrane of BHK cells using g-CD-mediated
transfer. The cells were then incubated for 30 min at 37
jC to allow the diPyr10PS molecules to be transported to the
inner leaflet of the plasma membrane. Previous studies have
shown that diPyrnPS molecules are rapidly translocated
through the plasma membrane by the aminophospholipid
translocase [8,9]. After this preincubation period, during
which only very limited (approximately 2%) decarboxyla-
tion of diPyr10PS occurs, one of various inhibitors was
added and the degree of decarboxylation was determined
after 3 h at 37 jC (Table 2). Nocodazole which arrests
vesicular trafficking and causes Golgi fragmentation by
Fig. 3. Spontaneous intervesicle translocation rate of diPyr12PS and 18:0/
18:1-PS. Donor vesicles containing both diPyr12PS (open symbols) and
[3H]-18:0/18:1-PS (closed symbols) were incubated with unlabeled
acceptor vesicles for the indicated times, after which the acceptors were
isolated using an anion-exchange column and their diPyr12PS and [
3H]-
18:0/18:1-PS contents were analyzed based on pyrene excimer fluorescence
intensity and radioactivity, respectively. Y-axis indicates the fraction of
labeled PS species found in the acceptors. Contamination of the acceptor
fraction by donor vesicles was 1.85F 1.47% as estimated based on the
content of [14C]-cholesterol oleate, the nonexchangeable donor marker. The
lines represent fits of a single exponential equation to the diPyr12PS data
(dashed line) and [3H]-18:0/18:1-PS data (solid line). It was assumed that
67% of both PS species were available for transfer (cf. Ref. [56]). The half-
times obtained for diPyr12PS and [
3H]-18:0/18:1-PS were 349F 22 and
323F 8 h, respectively. The experiment was reproduced once under similar
conditions with essentially identical results.
Fig. 4. Conversion of exogenous diPyrnPS to diPyrnPE in wild-type CHO
cells and the mutant lacking nonspecific lipid transfer protein. Panel A:
CHO wild-type (CHO-K1) and mutant (CHO-82) cells lacking the
nonspecific lipid transfer protein were labeled with diPyr8PS for 15 min
using the cyclodextrin method, washed and subsequently chased for the
indicated time periods. Panel B: Rate of conversion of diPyr4- diPyr8- and
diPyr10PS to corresponding PE species in wild-type and mutant cells. The
rate was determined by fitting a linear equation to the data (see Fig. 1). The
error bars indicate the fitting error (cf. panel A).
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depolymerizing the microtubuli, Brefeldin A which also
disrupts the Golgi complex [35,36], ammonium chloride,
chloroquine or depletion of ATP which all inhibit endocytic
membrane trafficking [37–39] had no significant effect on
diPyr10PS translocation to mitochondria. N-ethylmaleimide
(NEM), on the other hand, inhibited the conversion of
diPyr10PS to diPyr10PE markedly (Table 2). Albeit NEM
is an inhibitor of vesicular traffic [40], it is also known to
cause externalization of PS from the inner leaflet of the
plasma membrane to the outer one at concentrations used in
the present study [41–43]. This indicates that the observed
inhibition by NEM could simply result from that there is
less diPyr10PS available in the inner leaflet for translocation
to mitochondria, rather than from the inhibition of vesicular
trafficking. In summary, the data obtained with the inhib-
itors strongly suggest that vesicular traffic does not play a
significant role in the movement of PS from the plasma
membrane to mitochondria.
3.6. Effect of temperature on translocation of diPyr8PS from
the plasma membrane to mitochondria
To further study the factors involved in diPyrnPS trans-
port to mitochondria, the effect of temperature was exam-
ined. BHK cells were labeled with diPyr8PS, chased at
different temperatures from 7 to 37 jC and the rate of
decarboxylation was determined. We used diPyr8PS in these
experiments because the decarboxylation of the species with
longer acyl chains could not be reliably determined due to
their very slow decarboxylation at the lower temperatures.
Notably, the hydrophobicity of diPyr8PS is similar to some
natural PS species (see Discussion). In addition, the data
shown in Fig. 2a suggest that one can extrapolate from the
behavior of diPyr8PS to that of the more hydrophobic ones,
since the transport rate of diPyrnPS is a smooth function of
chain length (n). As shown in Fig. 5a, the rate decreased
smoothly with decreasing temperature. This behavior further
indicates that vesicular transport is not involved in PS
translocation from the plasma membrane to mitochondria,
since endocytosis is know to change in a more abrupt
manner with decreasing temperature [44,45].
The activation energy for the conversion of plasma
membrane diPyr8PS to PE was determined from an Arrhe-
nius plot (Fig. 5b). The value obtained, 85 kJ/mol, is typical
for the desorption of a lipid monomer from a bilayer (see
Discussion) and thus compatible with the spontaneous
diffusion mechanism.
4. Discussion
4.1. Mechanism of diPyrnPS transport from plasma
membrane to mitochondria
In theory, any of the following mechanisms could be
involved in the translocation of PS from the plasma mem-
brane to mitochondria: (i) vesicular transport, (ii) sponta-
neous or (iii) protein-assisted diffusion via the cytoplasm or
(iv) lateral diffusion via membrane fusion (or hemifusion)
sites. One possibility to distinguish between these alterna-
tive mechanisms is to determine the effect of lipid hydro-
phobicity on the rate of translocation (Fig. 6). First, it is very
likely that vesicular transport does not depend on the
Table 2
Effect of transport inhibitors on decarboxylation of exogenous diPyr10PS in
BHK cells
Inhibitor Inhibitor
concentration
DiPyr10PS
decarboxylation
relative to control (%)
NEM 0.5 mM 35F 1.3a
NaN3
b 5 mM 90F 5.9
+ 2-deoxy-D-glucose 50 mM
NH4Cl 10 mM 112F 8.7
Chloroquine 0.1 mM 100F 4.9
Nocodazole 10 Ag/ml 105F 10.2
Brefeldin A 5 Ag/ml 101F 6.9
BHK cells were labeled with diPyr10PS for 30minutes using the cyclodextrin
method, chased for 30 min at 37 jC, the inhibitor was added and the chase
was continued for 3 hours at 37 jCc. The rate of decarboxylation (i.e., transfer
to mitochondria) is expressed as the percentage of that obtained in the
absence of inhibitors (control = 100F 2.6%).
a The values are meansF S.D. (n= 4).
b ATP depletion was accomplished by including NaN3 and deoxy-
glucose simultaneously in glucose-free medium.
c In contrast to other inhibitors that were present throughout the chase,
the NEM-treatment was performed in CO2-independent medium on ice as
follows. The cells were incubated with NEM for 30 min on ice, the medium
was removed, new medium with 0.5 mM DTT was added for 5 min on ice,
removed and the cells were washed and chased for 3 h-chase at 37 jC.
Fig. 5. Temperature dependence of diPyr8PS conversion to diPyr8PE in
BHK cells. Panel A: BHK cells were labeled with diPyr8PS for 15 min at 37
jC using the cyclodextrin method, washed on ice and then chased at the
indicated temperatures. The chase time was adjusted from 2 to 11 h so that
the percentage of PE was approximately the same at each temperature, i.e.,
5–10%. The amount of diPyr8PE produced during the labeling period and
subsequent washings (at 4 jC) has been subtracted and thus only diPyr8PE
produced during the chase period is indicated. The data were normalized to
the 37 jC value to allow combination of data from two parallel experiments
with slightly different rates. The error bar is the deviation from the mean.
When not visible, the error bar is smaller than the symbol. Panel B: The
Arrhenius plot for the conversion of plasma membrane diPyr8PS to
diPyr8PE at 17–37 jC. The slope gives the activation energy of 85 kJ/mol.
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hydrophobicity of the lipid to be transferred.1 Also, trans-
port relying on lateral diffusion via membrane (hemi)fusion
sites should not dependent significantly on lipid hydro-
phobicity (cf. Ref. [46]). In contrast, a clear optimum
regarding the hydrophobicity of the lipid to be transferred
has been observed for the mammalian phospholipid carrier
proteins [47–49]. Deviating from these mechanisms, spon-
taneous diffusion via an aqueous phase is known to decrease
monotonically (logarithmically) with acyl chain length
because the efflux of the lipid from the donor membrane
is the rate-limiting step [50–53]. Notably, the ability of the
nsL-TP to enhance (phospho)lipid transfer also decreases
logarithmically with lipid hydrophobicity [28,29], probably
because this protein does not actually carry lipids but
somehow enhances their efflux from the bilayer [54].
The present study shows that when diPyrnPS molecules
are introduced to cell plasma membrane of BHK or CHO
cells, either by vesicle fusion or g-CD-mediated transfer, the
rate of decarboxylation decreases systematically with
increasing diPyrnPS acyl chain length (Figs. 2 and 4). Since
translocation from the plasma membrane to mitochondria,
rather than decarboxylation proper, is very likely the rate-
limiting step in this process, this result indicates that efflux
from a membrane surface is the rate-limiting step of
diPyrnPS translocation. This would then suggest that either
spontaneous or nsL-TP mediated diffusion via cytoplasm is
the translocation mechanism. However, since the transloca-
tion occurred at similar rate in wild-type CHO cells and the
mutant cells lacking nsL-TP (Fig. 4), spontaneous diffusion
remains as the most likely mechanism. This mechanism is
also supported by the high value obtained for the activation
energy (85 kJ/mol), typical for desorption of both natural
[55,56] as well as pyrene [51,57] lipids from a bilayer.
The validity of the conclusions drawn above is critically
dependent on the assumption that the movement of diPyrnPS
across the plasma and the outer mitochondrial membrane as
well as the decarboxylation proper are more rapid events (and
thus not rate-limiting) than the translocation of these lipids
from the inner leaflet of the plasma membrane to the inner
membrane of mitochondria. This assumption is, most likely,
valid due to the following reasons. First, parallel results were
obtained when the diPyrnPS molecules were initially intro-
duced only to the outer leaflet of the plasmamembrane (g-CD
method) or equally to both leaflets (fusion method). This
strongly suggests that the translocation across the plasma
membrane is not the rate-limiting step in the overall process.
This conclusion is supported by the fact that >5% of diPyr4PS
introduced to the outer leaflet of the plasma membrane had
been decarboxylated already during the 1-min labeling period
(see Results). It is likely that the transbilayer movement of the
other diPyrnPS species is even faster, since all lipid metab-
olizing enzymes and carrier proteins studied so far prefer
pyrene lipids with longer acyl chains ([47,48,58,59], Fig. 2c).
The possibility that translocation across OMMwould be rate-
limiting is also unlikely, since studies with isolated mitochon-
dria have shown that this process is rapid for pyrene-labeled
PS species and essentially independent of the length of
pyrenylacyl chain [60]. Finally, the possibility that the
decarboxylation proper would be rate-limiting can also be
excluded (except for diPyr4PS; see Results).
Several facts speak against a crucial role of vesicular
transport in the translocation of diPyrnPS species from the
plasma membrane to mitochondria. First, the inhibitors of
various types of vesicular trafficking did not have a sig-
nificant effect on the transport of diPyrnPS (Table 2).
Second, the rate of decarboxylation increased smoothly with
temperature (Fig. 5a), while abrupt changes at 15–17 jC
have been observed for endocytosis [44,45]. Third, there is
no evidence for vesicular transport from the plasma mem-
brane or other organelles to mitochondria [61].
It has been suggested previously that transport of
NBD12PS from the plasma membrane to mitochondria is
mediated by a transfer protein [7]. This conclusion was
based on the assumption that NBD12PS does not move
spontaneously between membranes. However, the predicted
spontaneous transfer rate of NBD12PS is significantly higher
than that of diPyr6PS whose spontaneous diffusion rate is
quite rapid (cf. Ref. [8]). Accordingly, it is obvious that also
NBD12PS diffuses spontaneously from the plasma mem-
brane to mitochondria and therefore it is not necessary to
invoke the involvement a lipid transfer protein. Notably,
however, it is feasible (but not necessary) that other kinds of
proteins play an important role in PS trafficking from the
Fig. 6. Effect of lipid hydrophobicity on the different mechanisms of
intermembrane lipid transfer. The curves are based either on theoretical
predictions or experimental data (see text). It is important to note that if
several mechanisms operate simultaneously, the observed hydrophobicity
dependency can be a combination of the curves shown here, depending on
the relative importance of the different mechanisms. However, spontaneous
translocation of the less hydrophobic species will always occur and will
thus contribute to the observed hydrophobicity dependence, independent of
the main mechanism of translocation.
1 Formation of membrane domains may result in acyl chain -dependent
sorting of lipids along the endocytotic pathway [69]. However, there is no
evidence for domain segregation in the cytoplasmic leaflet of the plasma or
endocytic membranes where PS is mainly located.
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plasma membrane to mitochondria. Previous studies have
provided evidence that protein-mediated membrane contacts
greatly enhance PS transport from ER to mitochondria (cf.
Refs. [62–64]). There could be similar proteins bringing the
plasma membrane and mitochondria temporarily to close
proximity, thereby enhancing PS efflux from the former to
the latter.
4.2. Is the data obtained with diPyrnPS species relevant for
natural PS species?
There are reasons to believe that the data obtained with
diPyrnPS is relevant for natural PS species as well. First,
pyrene lipids are metabolized similarly to the natural ones
[9,58,65]. Second, pyrene-labeled lipids are good substrates
for phospholipid carrier proteins [47,48] as well as for the
nsL-TP [29]. Third, the spontaneous intermembrane diffu-
sion rates of the long-chain diPyrnPS species (n = 8–14) in
vitro are probably similar to that of typical natural PS
species [8]. This was verified in the present study for
diPyr12PS by using an in vitro transfer assay (Fig. 3). The
intermembrane spontaneous translocation rate of this lipid
was found to be virtually identical to that of 18:0/18:1-PS,
the most common PS species in BHK cells. On the other
hand, it is obvious that diPyrnPS molecules are structurally
distinct from natural PS species. The presence of two bulky
and rigid pyrene moieties must modify the physical proper-
ties of the parent lipid considerably and could thus lead to
aberrant intracellular trafficking. For instance, the partition-
ing of diPyrnPS molecules between lateral membrane
domains, proposed to exist also in the inner leaflet of the
plasma membrane [66,67], could differ from that of natural
species due to the presence of the bulky pyrenes. Since lipid
efflux rates can be markedly dependent on membrane
structure [68], the spontaneous translocation rates obtained
for homogenous liposomal membranes (see above) might
not be fully applicable to the in vivo situation.
4.3. Maintenance of high PS concentration in the inner
leaflet of the plasma membrane
It is not clear how the cell achieves and maintains the
high PS content, i.e., up to one third of all phospholipids, in
the inner leaflet of its plasma membrane. We have previ-
ously obtained evidence that, after the synthesis in the ER,
the more hydrophilic PS translocates to mitochondria much
more rapidly than the hydrophobic ones [10]. This means
that the average hydrophobicity of the remaining PS species
is significantly higher than that of those initially synthe-
sized. This could be very important for the maintenance of a
high concentration of PS in the inner leaflet of the plasma
membrane, because these hydrophobic PS (which move to
the plasma membrane, probably along the exocytic route)
would have little tendency to efflux from this membrane.
Would the cell synthesize only the more hydrophilic PS
species (e.g., 16:0/18:2 or 16:0/20:4), it might be confronted
with frustrating efforts of maintaining adequate levels of PS
in the plasma membrane as well as other membranes since
these species would tend efflux to mitochondria where they
would be converted to PE.
In conclusion, the present data show that in BHK and
CHO cells, translocation of diPyrnPS from plasma mem-
brane to mitochondria diminishes systematically with
increasing molecular hydrophobicity. This implies that
spontaneous diffusion via the cytoplasm is the main mech-
anism of translocation. However, further studies are required
to determine whether this finding applies to natural PS
species as well.
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